The transient receptor potential vanilloid 4 (TRPV4) channel is a non-selective cation channel involved in physical sensing in various tissue types. The present study aimed to elucidate the function and expression of TRPV4 channels in colonic vascular endothelial cells during dextran sulphate sodium (DSS)-induced colitis.
Introduction
The transient receptor potential vanilloid 4 (TRPV4) channel is a non-selective cation channel that responds to mechanical, thermal and chemical stimuli, in addition to various endogenous ligands such as arachidonic acid metabolites (Watanabe et al., 2003) . Among various transient receptor potential (TRP) channels, TRPV4 has gained increasing attention due to its widespread expression in mammalian tissues including the lung, liver, heart, kidney, CNS, skin, and salivary and sweat glands (Banner et al., 2011) . Furthermore, TRPV4 is reportedly involved in the pathophysiology of inflammation, hypersensitivity and barrier dysfunction (Benemei et al., 2011) .
The TRPV4 channel is also expressed in the gastrointestinal tract where it plays various physiological and pathophysiological roles (Vergnolle, 2014) . Furthermore, neuronal TRPV4 contributes to visceral sensing and hypersensitivity in mice (Brierley et al., 2008; Mueller-Tribbensee et al., 2015) and in patients with inflammatory bowel disease (IBD) (Brierley et al., 2008) and irritable bowel syndrome (Cenac et al., 2015) . The expression of the TRPV4 channel has been demonstrated in nitric oxide neurons and it has been shown to be involved in regulating intestinal motility in the mouse enteric nervous system (Fichna et al., 2015) . Epithelial TRPV4 channels can be detected in mice and IBD patients and were shown to contribute to the progression of inflammation (D'Aldebert et al., 2011; Yamawaki et al., 2014) and inhibition of motility (Fichna et al., 2015) in the large intestine. The activation of TRPV4 channels in epithelial cells is known to induce the release inflammatory cytokines and evoke intestinal inflammation in normal mice (D'Aldebert et al., 2011) .
Several studies have demonstrated the expression of TRPV4 channels in the cardiovascular system including the endothelial cells of various organs (Randhawa and Jaggi, 2015) . Additionally, endothelial TRPV4 regulates vascular permeability and/or relaxation in the lung (Sukumaran et al., 2013) . Pharmacological blockade of TRPV4 was shown to result in a reduction in pro-inflammatory cytokines and preserve the functions of the endothelium in a LPS-induced murine model of sepsis (Dalsgaard et al., 2016) . However, the localization and role of the TRPV4 channel in vascular endothelial (VE) cells in the gastrointestinal tract have not been elucidated.
In the present study we aimed to define the function and expression of the TRPV4 channel in colonic vascular endothelial cells during dextran sulphate sodium (DSS)-induced colitis in TRPV4-deficient mice using pharmacological tools, including a TRPV4 agonist and antagonist. The results demonstrated that TRPV4 expression in vascular endothelial cells contributes to the progression of colonic inflammation by increasing vascular permeability. Furthermore, we showed that the expression of endothelial TRPV4 increased markedly in the mucosa and submucosa of the colon, while that in the epithelia decreased during DSS-induced colitis. The activation of TRPV4 decreased the expression of the major endothelial adhesion molecule VE-cadherin in mouse aortic endothelial cells (MAEC) and the colon. These results suggest that endothelial TRPV4 is an attractive target for treating colitis.
Methods

Animals
Male C57BL/6 mice (8-10 weeks) weighing 22-27 g were purchased from Japan SLC Inc. (Shizuoka, Japan). TRPV4-deficient mice (TRPV4 KO) were generated from a C57BL/6J background as described previously (Suzuki et al., 2003) . All mice were maintained in plastic cages with free access to food and water and housed at 22 ± 1°C with a 12 h light/dark cycle. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . The protocols were approved by the committee of the Ethics of Animal Research of Kyoto Pharmaceutical University . The number of animals used was kept to the minimum necessary for a meaningful interpretation of the data, and animal discomfort was kept to a minimum.
Group size
Equal group sizes were employed for all in vivo and in vitro experiments in this study. For studies using the in vivo model, the group size for each experimental condition was seven mice. For Western blot experiments of MAEC, five independent tests were used for each experimental condition.
Randomization
Wild-type (WT) and/or TRPV4 KO mice were divided into groups according to the random comparison group methods in pharmacology. Vehicles and drugs were randomly assigned to each group prior to the start of the experiment.
Blinding and data normalization
Data were analysed by two observers who were blinded to the animal group assignment. Data files were labelled with the date and sample identifier. The data were analysed in this file format and subsequently assigned to the respective experimental condition using lab records. Values for vascular leakage were normalized to normal WT or normal vehicletreated mice, while those of protein expression determined by Western blotting were normalized to β-actin protein expression.
Sigma-Aldrich (St. Louis, MO, USA). Captisol was purchased from Chemscene Ltd. (South Brunswick, NJ, USA). DMSO and TNF-α were purchased from WAKO chemicals (Tokyo, Japan).
Induction of colitis
Colitis was induced in mice by oral administration of 2% DSS (molecular weight 36-50 kDa; MP Biomedicals, Irvine, CA, USA) in drinking water for 7 days. Normal mice (DSSuntreated) only received normal drinking water. The stool score and histological damage were assessed by trained individuals blinded to the treatment groups as described previously (Theiss et al., 2009; Utsumi et al., 2016) . Briefly, body weight loss, stool consistency and the presence of occult/gross blood were assessed daily. The stool characteristic was scored as follows: normal (score 0), soft with well-formed pellets (score 1), very soft (score 2), diarrhoea (score 3) and severe diarrhoea (score 4). The occult blood was scored as follows: no blood (score 0), occult blood in the stool (score 1), traces of blood visible in the stool (score 2), gross bleeding (score 3) and rectal bleeding (score 4). These scores were added to obtain the stool score (maximum score of 8).
The distal colons from mice with DSS-induced colitis were fixed in formalin and stained with haematoxylin and eosin. The histological scoring was performed based on three parameters as described by Theiss et al. (2009) : the severity of inflammation, crypt damage and ulceration. The inflammation was scored as follows: rare inflammatory cells in the lamina propria (score 0), increased numbers of granulocytes in the lamina propria (score 1), confluence of inflammatory cells extending into the submucosa (score 2) and transmural extension of the inflammatory infiltrate (score 3). The crypt damage was scored as follows: intact crypts (score 0), loss of the basal one-third (score 1), loss of the basal two-thirds (score 2), entire crypt loss (score 3), a change in the epithelial surface with erosion (score 4) and confluent erosion (score 5). Ulceration was scored as follows: absence of ulcer (score 0), one or two foci of ulcerations (score 1), three or four foci of ulcerations (score 2) and confluent or extensive ulceration (score 3). These scores were added to obtain the histological score (maximum score of 11). A minimum of three sections of different parts of the colon were scored per animal.
Intracolonic administration of TRPV4 agonist
Animals were administered 2% DSS or normal drinking water for 7 days, and GSK1016790A (20 μg per mouse once daily) or vehicle were intracolonically administered as described below. Mice were anaesthetized with 2.5% or 1.5% isoflurane for the induction and maintenance of anaesthesia, respectively. The depth of anaesthesia was evaluated by pinching the animal's paw and all efforts were made to minimize suffering. Mice were treated with a single intracolonic injection of GSK1016790A (20 μg per mouse) in 50 μL PBS containing 20% DMSO (vehicle) or vehicle alone. The GSK1016790A dose was selected based on the intracolonic administration of another TRPV4 agonist, 4-phorbol 12,13-didecanoate (D' Aldebert et al., 2011) . GSK1016790A is more potent and selective than 4-phorbol 12,13-didecanoate (Thorneloe et al., 2008) .
Determination of myeloperoxidase (MPO) activity
The MPO activity was determined using o-dianisidine hydrochloride, as previously described (Yasuda et al., 2011) .
Bone marrow chimeras
Bone marrows were harvested from male TRPV4 KO or WT mice. Briefly, bone marrow cells were flushed out from the femur and tibia using 2-3 mL of PBS, filtered through a 70 μm nylon mesh, and counted for viability (>99% viability) before being injected into recipient mice. WT or TRPV4 KO recipient mice were irradiated with 9 Gy of X-rays and injected i.v. with 5 × 10 6 bone marrow cells from WT or TRPV4 KO donor mice, yielding four experimental groups. On average, each donor mouse supplied a sufficient number of cells for two recipient mice. After 6 weeks, recipient mice were treated using the acute DSS protocol described above. We confirmed bone marrow transfer by TRPV4 immunoreactivity in the bone marrow-chimeric mice (Supporting Information Figure S1A ). We observed TRPV4-and F4/80-double labelled cells in the submucosal layer of WT and TRPV4 KO mice that had received bone marrow cells from WT mice (WT → WT or WT → KO), although double-labelled cells were less abundant than F4/80-single positive cells. In contrast, no TRPV4-immunopositive cells were detected in the submucosal layer of WT and TRPV4 KO that had received bone marrow cells from TRPV4 KO mice (KO → WT or KO → KO). We also observed TRPV4-and F4/80-double labelled cells in the bone marrow (Supporting Information Figure S1B ).
Immunohistochemistry
On days 0 (normal), 4 and 7 following the initiation of DSS treatment, the animals were killed by CO 2 gas inhalation. The colon was removed, washed with cold PBS and immersed in 4% paraformaldehyde for 2 h at 4°C. The tissues were cryoprotected overnight in 20% sucrose solution prior to being embedded in optimal cutting temperature compound (Sakura Finetek, Tokyo, Japan) mounting medium. They were then sectioned using a cryostat (Leica Instruments, Nussloch, Germany) at a thickness of 30 μm and thawmounted onto Superfrost Plus slides (Matsunami, Osaka, Japan). Immunohistochemical procedures were performed as previously described by Matsumoto et al. (2011 Matsumoto et al. ( , 2012 . Sources of all primary and secondary antibodies, as well as the optimized dilutions, are listed in Supporting Information Tables S1 and S2. TRPV4 immunoreactivity was detected using the fluorescein conjugated tyramide amplification method (Perkin Elmer Life Sciences, Boston, MA, USA). We optimized the confocal microscopy condition according to the intensity of TRPV4 immunoreactivity on day 7 of DSS treatment. Using this condition, the intensity of epithelial TRPV4 immunoreactivity was much weaker than that observed in a previous study (D'Aldebert et al., 2011) . Other molecules were detected by indirect staining with specific antibodies. The specificities of TRPV4 were demonstrated by the loss of immunostaining in TRPV4 KO mice ( Figure 3B ).
Microscopy and image analysis
Sections were viewed using a confocal microscope (A-1R + ;
Nikon, Tokyo, Japan), and images were captured using Nikon NIS-Elements AR 4.20.00 software. Multiple images in Z-stacks were projected onto a single plane and reconstructed using the NIS-Elements AR 4.20.00 software. For quantitative analyses, colon sections were viewed at 200× or 600× magnification using a confocal microscope, and quantitative determinations were made from three random locations for each mouse. For the analysis of TRPV4-, CD31-and VEcadherin-immunopositive area (%), active areas after interactive thresholding were measured using the NIS-Elements AR 4.20.00 software image analysis system.
Western blot
Tissue preparation was performed as described by Eijkelkamp et al. (2007) . Proteins were separated by 7.5% SDS-PAGE and transferred onto PVDF membranes (Millipore, Bedford, MA, USA) by electroblotting. The membranes were stained with rabbit anti-TRPV4 (1:300; Abcam, Cambridge, UK), rabbit anti-VE-cadherin (1:500; Abcam, Cambridge, UK), phosphorylated-JNK2 antibody, JNK2 antibody (1:1000; Cell Signalling Technology, Inc., Danvers, MA, USA) and rabbit anti-β-actin (1:2000; Gene Tex, Gene-Tex, San Antonio, TX, USA) antibodies. Immunoreactivity was detected by enhanced chemiluminescence (Perkin Elmer Life Sciences, Inc., Boston, MA, USA), and band density was determined using the VersaDoc5000/Dual (BioRad, Hercules, CA, USA).
Vascular leakage
Vascular leakage was determined using an Evans blue extravasation assay as described previously (Tan et al., 2010) . Briefly, 0.2 mL of Evans blue dye (0.5% w . v -1 in sterile PBS) was injected i.v. into anaesthetized mice and after 120 min, the animals were killed and extensively perfused with sterile PBS. There were no statistically significant differences in body weight among normal WT (24.7 ± 0.6 g), normal KO (24.2 ± 0.7 g), DSS WT (22.4 ± 0.6 g) and DSS KO (23.4 ± 0.6 g) mice in Figure 6A . Similarly, there were no statistically significant differences in body weight among normal + vehicle (24.4 ± 0.4 g), normal + GSK1016790A (23.7 ± 0.7 g), DSS + vehicle (21.7 ± 0.7 g), DSS + GSK1016790A (21.8 ± 0.6 g) and DSS + GSK1016790A + RN1734 (22.7 ± 0.5 g) in Figure 6C . Thus, the same volume of Evans blue dye (0.2 mL) was used for all mice. The colons were then harvested and weighed prior to dye extraction with N,Ndimethylformamide (4 μL per 1 mg tissue weight) and absorbance reading at 620 nm. Data are expressed as fold increase in OD 620 compared to normal mice. GSK1016790A (3 μg·kg À1 ) and RN1734 (100 μg·kg À1 ) were given as a single i.v. bolus. We used 1% DMSO / 20% Captisol (sulfobutyl ether-β-cyclodextrin) in saline as the vehicle, as described previously (Willette et al., 2008) . The GSK1016790A dose selected should not affect the cardiovascular system, as demonstrated previously (Pankey et al., 2014; Gu et al., 2016) .
Effect of TNF-α or TRPV4 agonist in MAEC
MAEC were obtained by the BIOLOGICAL RESOURCE (Nishiyama et al., 2007) and maintained in Medium 199 (Life Technologies, Tokyo, Japan) containing 10% 
Data and statistical analyses
The data and statistical analyses comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . Data are presented as the mean ± SEM. Statistical analyses were performed with GraphPad Prism 6.07 (GraphPad Software, La Jolla, CA, USA) using one-or two-way (genotype and treatment) ANOVA followed by Bonferroni's multiple comparison test for comparison of more than two groups, Student's t-test for parametric data or Kruskal-Wallis one-way ANOVA followed by Dunn's multiple comparison test for non-parametric data. P values of <0.05 were regarded as statistically significant.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMA-COLOGY 2017/18 (Alexander et al., 2017a,b).
Results
The TRPV4 channel contributes to the exacerbation of intestinal inflammation in the murine colitis model
The addition of 2% DSS to drinking water produced diarrhoea and rectal bleeding (as indicated by the stool score) and body weight loss ( Figure 1A , B). A shortening of the colon and a discernible increase in MPO activity and histological score were observed on day 7 of DSS treatment ( Figure 1C -E). These responses were significantly attenuated in TRPV4 KO mice when compared to WT mice with DSS-induced colitis.
To confirm the role of TRPV4 in the pathogenesis of colonic inflammation, we also investigated the effects of a TRPV4 agonist GSK1016790A on DSS-induced colitis (Figure 2 ). Repeated intracolonic administration of GSK 1016790A for 7 days slightly decreased the body weight, increased the histological score in normal mice and exacerbated the severity of DSS-induced colitis. A significant increase in body weight loss (Figure 2A ), stool score ( Figure 2B ), shortening of the colon ( Figure 2C ), MPO activity ( Figure 2D ) and histological score ( Figure 2E , F) was observed in mice that received GSK1016790A intracolonically daily when compared to mice that received vehicle alone. The vehicle-treated mice showed a slight increase in body weight loss, stool score and histological score (Figure 2A , B, E).
We subsequently generated bone marrow chimeras to investigate the role of haematopoietic cells in the DSS colitis model (Figure 3) . Bone marrow cells collected from WT or TRPV4 KO mice were transferred to irradiated WT or TRPV4 KO recipient mice, yielding four experimental groups. WT mice that received bone marrow cells from WT or TRPV4 KO mice (WT → WT or KO → WT) exhibited comparable body weight loss ( Figure 3A ), stool score ( Figure 3B ), shortening of the colon ( Figure 3C ), increase in MPO activity ( Figure 3D ) and histological score ( Figure 3E, F) . Similarly, KO mice that received bone marrow cells from WT or TRPV4 KO mice (WT → KO or KO → KO) showed comparable body weight loss ( Figure 3A ), stool score ( Figure 3B ), shortening of the colon ( Figure 3C ), increase in MPO activity ( Figure 3D ) and histological score ( Figure 3E, F) .
DSS treatment up-regulates TRPV4 expression
The location of TRPV4 channels in normal and DSS-treated mice on day 7 is shown on Figure 4 . In normal mice, TRPV4 Figure 1 DSS-induced colitis in WT and TRPV4-deficient (KO) mice. Animals were untreated (normal) or exposed to 2% DSS for 7 days. Body weight (A) and stool score (B) were determined daily. Colon length (C), MPO activity (D) and histological score (E) were determined on day 7. Data are presented as the mean ± SEM, n = 7 mice per group. *P < 0.05 for comparisons with normal-WT or normal-KO mice.
# P < 0.05 for comparisons with DSS-WT mice. (F) Representative images of haematoxylin and eosin staining of WT and TRPV4 KO mice treated with DSS. Scale bars are 100 μm.
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immunoreactivity was detected in epithelial cells of transverse and horizontal sections of the mouse colons ( Figure 4A ). However, on day 7 of DSS treatment an abundance of TRPV4 immunoreactivity was observed in the mucosal and submucosal layers of blood vessel-like structures ( Figure 4A ). The TRPV4 immunoreactivity was abolished in TRPV4 KO mice ( Figure 4B ). Immunoreactivity in neurons was not clearly observed in either normal or DSS-treated mice. Using Western blotting, we subsequently confirmed these immunohistochemistry results that showed TRPV4 channels are up-regulated in the colon of mice after DSS treatment ( Figure 4C ).
Figure 2
Effect of GSK1016790A (GSK), a TRPV4 agonist, on DSS-induced colitis. Animals were untreated (normal) or exposed to 2% DSS or normal drinking water for 7 days. GSK (20 μg per mouse once daily) or vehicle was administered intracolonically. Body weight (A) and stool score (B) were determined daily. Colon length (C), MPO activity (D) and histological score (E) were assessed on day 7. Data are presented as the mean ± SEM, n = 7 mice per group. *P < 0.05 for comparisons with normal vehicle-treated or normal GSK-treated mice. # P < 0.05 for comparisons with DSSvehicle-treated mice. (F) Representative images of haematoxylin and eosin staining of WT and TRPV4 KO mice treated with DSS. Scale bars are 100 μm.
Endothelial TRPV4 regulates colon inflammation BJP Figure 3 DSS-induced colitis in bone marrow-chimeric mice. Bone marrow cells harvested from WT or TRPV4 KO mice were transferred to irradiated WT or TRPV4 KO recipient mice, yielding four experimental groups: (i) WT mice that received WT bone marrow cells (WT → WT); (ii) WT mice that received TRPV4 KO bone marrow cells (KO → WT); (iii) TRPV4 KO mice that received WT bone marrow cells (WT → KO); and (iv) TRPV4 KO mice that received TRPV4 KO bone marrow cells (KO → KO). Animals were untreated (normal) or exposed to 2% DSS for 7 days. Body weight (A) and stool score (B) were determined daily. Colon length (C), MPO activity (D) and histological score (E) were determined on day 7. Data are presented as the mean ± SEM, n = 7 mice per group. *P < 0.05 for comparisons with WT → WT mice. (F) Representative images of haematoxylin and eosin staining of the four experimental groups. Scale bars are 100 μm.
TRPV4 immunoreactivity is up-regulated in endothelial cells in DSS-treated mice
Double-labelling of TRPV4 with the epithelial marker keratin or endothelial cell marker CD31 were subsequently performed using transverse sections of the mouse colon on days 0 (normal), 4 and 7 of DSS treatment. Weak TRPV4 immunoreactivity co-localizing with keratin was observed in epithelial cells on days 0 and 4 of DSS treatment ( Figure 5A ). However, DSS treatment up-regulated the expression of TRPV4 that co-localized with CD31 in the colon on days 4 and 7 of DSS treatment ( Figure 5B ). We also investigated the time-dependent changes in TRPV4 and CD31 expression using quantitative immunohistochemical analysis on days 0, 4 and 7 of DSS treatment ( Figure 5C ). Immunoreactive areas in the mucosa, submucosal layer and muscle layer were quantified using computerized binary image analyses. A significant, 40-fold, increase in TRPV4-immunoreactive area was observed in the mucosa on day 7 of DSS treatment (10.7%) when compared to that observed in normal mice (0.276%). A significant, 40-fold, increase in TRPV4-immunoreactive area was also observed in the submucosal layer on days 4 (4.18%) and 7 (4.18%) when compared to that observed in normal mice (0.102%). However, no significant difference in TRPV4 area was observed in the muscle layer of normal and DSS-treated mice at days 4 and 7. When compared to normal mice, DSS treatment significantly increased the CD31-immunoreactive area, but the increase in immunoreactivity was less than twofold in the mucosa. There was no change in CD31-immunoreactive area in the submucosal and muscle layers. Double-labelling experiments of TRPV4 with the lymph node marker lymphatic vessel endothelial hyaluronan receptor-1 (LYVE1), monocyte and macrophage marker CD11b, neutrophil marker Ly6B.2, sensory neuronal marker Characterization of TRPV4 expression in the colon of normal mice or mice with DSS-induced colitis. (A) Double labelling of TRPV4 (green) and keratin (red) in the colon of normal (DSS-untreated), day 4 (DSS-treated for 4 days) and day 7 (DSS-treated for 7 days) mice. Arrowheads indicate the co-localization of TRPV4 immunoreactivity with keratin. (B) Double labelling of TRPV4 (green) and CD31 (red) in the colon of normal (DSSuntreated), day 4 (DSS-treated for 4 days) and day 7 (DSS-treated for 7 days) mice. Arrows indicate the co-localization of TRPV4 immunoreactivity with CD31. (C) Quantitative analysis of TRPV4 and CD31 expressions in the mucosa, submucosa and muscle layers. Data are presented as the mean ± SEM, n = 7 mice per group. *P < 0.05 for comparisons with normal mice. (D) Double labelling of TRPV4 (green) and LYVE1, CD11b, Ly6B.2, CGRP or F4/80 (red) in the colon of mice treated with DSS for 7 days. Scale bars on panels (A) and (B) are 50 μm, and in (D) it is 20 μm.
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CGRP and murine macrophage marker F4/80 were also performed in DSS-treated mice ( Figure 5D ). TRPV4 did not co-localize with LYVE1 in vascular endothelial cells of the mucosal and submucosal layers of the colon. We found an abundant number of CD11b-and Ly6B.2-positive cells in TRPV4-immunopositive blood vessels. TRPV4 immunoreactivity did not co-localize with CGRP in the DSS-treated mice. TRPV4-immunopositive cells were also detected in the submucosal layer and the staining colocalized with that of F4/80.
TRPV4 activation increases vascular permeability in DSS-treated mice
To investigate the relationship between TRPV4 and vascular permeability, we conducted vascular permeability assays using Evans blue dye (Figure 6 ). The DSS-induced increase in vascular permeability in the colon of TRPV4 KO mice was significantly reduced when compared to that of WT mice ( Figure 6A, B) . We subsequently investigated the effect of the TRPV4 agonist GSK1016790A on vascular leakage in normal mice and those with DSS-induced colitis ( Figure 6C ).
The DSS-induced increase in vascular permeability was further enhanced by a single i.v. injection of GSK1016790A, and this response was abolished by an i.v. injection of the TRPV4 antagonist RN1734.
DSS treatment decreases the expression of VE-cadherin co-localizing with TRPV4
We subsequently investigated changes in the expression of VE-cadherin, the major endothelial adhesion molecule that regulates endothelial adherence junctions following the administration of the TRPV4 agonist GSK1016790A (GSK; Figure 7 ). We found that the structure of VE-cadherin was compromised in mice treated with DSS-vehicle or DSS-GSK at day 7 ( Figure 7A ). TRPV4 co-localized with VEcadherin in the mucosa of DSS-vehicle and DSS-GSK-treated mice. However, the VE-cadherin-immunoreactive area was significantly smaller following repeated i.v. administration of GSK in colitis mice when compared to those treated with DSS-vehicle ( Figure 7B ; top). At day 7, the TRPV4-immunoreactive area in DSS-vehicle and DSS-GSK-treated Endothelial TRPV4 regulates colon inflammation BJP mice area was significantly larger than those of the normal groups ( Figure 7B ; bottom).
TRPV4 activation decreases VE-cadherin expression in MAEC
To confirm the alterations in TRPV4 expression in mouse endothelial cells during inflammation, we investigated changes in TRPV4 and VE-cadherin expressions in MAEC following TNF-α treatment Figure 8A , B, D, E). TRPV4 expression was significantly increased at 6 h post-TNF-α treatment compared to that at 0 h. However, there was no change in VE-cadherin expression following TNF-α treatment. We subsequently examined the effect of the TRPV4 agonist GSK1016790A in MAEC exposed to TNF-α. At 6 h post-TNF-α/GSK1016790A treatment, the expression of TRPV4 was also increased, while that of VE-cadherin was significantly decreased. We then investigated JNK phosphorylation in MAEC following TNF-α, GSK1016790A or TNF-α/GSK1016790A treatments ( Figure 8C, F) . The results showed that TNF-α/ GSK1016790A, but not TNF-α or GSK1016790A alone, induced JNK phosphorylation.
Discussion and conclusions
IBD, which includes ulcerative colitis and Crohn's disease, is an emerging health problem with its prevalence increasing worldwide (Strober et al., 2007) . Endothelial cells play a key role in multiple aspects of chronic intestinal inflammation by regulating leukocytes that are migrating from the intravascular to interstitial space (Deban et al., 2008) . The current study demonstrated for the first time that TRPV4 channels are highly up-regulated in vascular endothelial cells of the colon during experimentally-induced colitis. Vascular permeability was increased in a TRPV4-dependent manner under this inflammatory condition. Our findings suggest that an alteration in TRPV4 expression in vascular endothelial cells contributes to the progression of colonic inflammation by increasing vascular permeability. In previous studies, TRPV4 immunoreactivity was detected in epithelial cells of the intestines of mice and IBD patients (D'Aldebert et al., 2011; Yamawaki et al., 2014) . Under inflammatory conditions, TRPV4 is up-regulated in colonic epithelial cells (D'Aldebert et al., 2011) , small intestinal epithelial cells (Yamawaki et al., 2014) , pancreatic nerve fibres
Figure 7
Alterations in VE-cadherin and TRPV4 channel expression in the colon of mice following i.v. administration of the TRPV4 agonist GSK1016790A (GSK). Animals were exposed to 2% DSS or normal drinking water for 7 days, while GSK (10 μg·kg À1 at days 2, 4 and 6) or vehicle (veh; at days 2, 4 and 6) was administered i. Endothelial TRPV4 regulates colon inflammation BJP (Ceppa et al., 2010) and dorsal root ganglia (Vergnolle et al., 2010) . In the present study, we detected TRPV4 immunoreactivity in epithelial cells in the colon of normal mice. However, the intensity of the immunoreactivity was relatively weak when compared to that observed in blood vessel endothelium in mice with DSS-induced colitis. A significant, 40-fold, increase in TRPV4 area was observed in the mucosa and submucosa at day 7 when compared to those of normal mice. Furthermore, TNF-α treatment increased TRPV4 expression in MAEC in a time-dependent manner. In a previous study it was shown that the pro-inflammatory cytokine IL-1β can also increase TRPV4 mRNA expression in mouse cerebral microvascular endothelial cells (Ma et al., 2008) . These results suggest that the extent of endothelial TRPV4 expression is closely linked to the severity of intestinal inflammation. The involvement of the TRPV4 channel in intestinal inflammatory processes has been demonstrated using selective TRPV4 agonist and/or antagonist in mice. D'Aldebert et al. (2011) reported that intracolonic administration of the TRPV4 agonist 4α-phorbol 12,13-didecanoate causes chronic inflammation in normal mice. Moreover, it was shown that systemic and intracolonic administration of the TRPV4 antagonist RN1734 alleviates 2,4,6-trinitrobenzene sulfonic acid-induced intestinal inflammation in mice (Fichna et al., 2012) . Although these findings suggest that the TRPV4 channel is involved in inflammatory processes, studies assessing the effects of TRPV4 blockade using genetically deficient mice in an experimentally induced colitis are necessary to demonstrate the relationship between TRPV4 and intestinal inflammation. In the present study, we firstly demonstrated that TRPV4 KO mice were protected against DSS-induced weight loss, leukocyte infiltration, colon shortening, diarrhoea, occult faecal blood and histological damage. We confirmed that repeated intracolonic administration of GSK1016790A exacerbated the severity of DSS-induced colitis. To distinguish between the contribution of haematopoietic (bone marrow-derived immune cells) and non-haematopoietic cells, we performed bone marrow transplantation experiments in the DSS model. The results of the experiments suggest that TRPV4 channels in non-haematopoietic cells (endothelial cells, sensory neuron and epithelial cells) play a dominant role in DSS-induced colitis. Although the body weight loss and MPO activity increase were slightly attenuated in WT mice that received TRPV4 KO bone marrow grafts compared to those mice receiving bone marrow from WT mice, it is unlikely that TRPV4 channels in bone marrowderived immune cells contribute to DSS-induced colitis.
As previously reported, neuronal TRPV4 plays an important role in gut functions, such as visceral sensing (Brierley et al., 2008; Mueller-Tribbensee et al., 2015) and motility (Fichna et al., 2015) . The functional expression of TRPV4 in the mouse enteric nervous system was previously reported (Fichna et al., 2015) . Sensory neuropeptides (CGRP and substance P) released from TRPV4 neurons were shown to contribute to neurogenic inflammation in peripheral tissues (Vergnolle et al., 2010) . The vasodilator effect of CGRP and substance P (Weidner et al., 2000) suggests these sensory neuropeptides are involved in the increase of vascular permeability. In the present study, TRPV4 immunoreactivity did not co-localize with the sensory neuronal marker CGRP. D'Aldebert et al. (2011) also reported that capsaicin-induced sensory denervation had no effect on the inflammatory responses in mouse colon induced by a TRPV4 agonist. We also investigated the role of TRPV1 using capsaicin-desensitized mice under the same experimental condition. However, the inflammatory response induced by the 7-day DSS treatment was exacerbated in capsaicin-desensitized WT mice. Several studies have shown that DSS-induced colitis is inhibited by capsaicin and resiniferatoxin desensitization (Kihara et al., 2003; Engel et al., 2012) . However, we previously observed that capsaicin desensitization did not affect the severity of DSS-induced colitis (Okayama et al., 2004) . In another study it was shown that neonatal capsaicin denervation aggravates oxazolone-induced colitis in mice (Lee et al., 2012) . Thus far, we have not identified any differences between the results presented here and those obtained in capsaicin-desensitized WT mice with DSS-induced colitis. Further studies are needed to clarify the role of capsaicin desensitization.
Epithelial TRPV4 channels contribute to intestinal inflammation by regulating the epithelial barrier and inflammatory mediators in mice (D'Aldebert et al., 2011; Yamawaki et al., 2014) . In agreement with a previous study (D'Aldebert et al., 2011), we found that the TRPV4 immunoreactive area co-localized with an epithelial marker in normal mice. The activation of macrophage TRPV4 channels has been shown to contribute to ventilator-induced lung injury (Hamanaka et al., 2010) . Additionally, the TRPV4 channel was found to mediate neutrophil activation and acute lung injury (Yin et al., 2016) . We found that TRPV4-immunopositive cells co-localized with the macrophage marker F4/80 (Supporting Information Figure S1A ), which agrees with previous findings in alveolar macrophages (Gu et al., 2016) . We also detected TRPV4-and F4/80-double labelled cells in the bone marrow (Supporting Information Figure S1B ). Scheraga et al. (2016) reported that TRPV4 protein is expressed in murine bone marrow-derived macrophages. However, we hypothesized that most of the protective effects observed in mice with DSS-induced colonic inflammation can be attributed to a genetic deficiency of TRPV4 in non-haematopoietic cells, which was previously demonstrated in acute lung injury using bone marrow-chimeric mice (Yin et al., 2016) . Our results also showed that TRPV4-and F4/80-double labelled cells were less abundant than F4/80-single positive cells (Supporting Information Figure S1A ). Therefore, we speculated that a lack of TRPV4 in macrophages has little effect in the acute colitis model. Nevertheless, further studies are needed to clarify the contributions of TRPV4 channels in epithelial and inflammatory cells to the progression of intestinal inflammation. The immunohistochemistry results and the assessments of the severity of intestinal inflammation suggest that the endothelial TRPV4 channel is involved in intestinal inflammation at a relatively severe stage.
The expression of various TRP channels such as TRP canonical 1, 4 and 6, TRPV4 and TRP melastatin 2 in endothelial cells has been shown to affect the vascular tone and permeability in various disorders (Yue et al., 2015) . Among them, TRPV4 plays a key role in the function of the lung endothelial barrier (Morty and Kuebler, 2014) . The TRPV4 agonist GSK1016790A was shown to increase vascular permeability in mouse lungs (Wandall-Frostholm et al., 2015) and decrease transmembrane electrical resistance in human lung endothelial cells (Suresh et al., 2015) . Dalsgaard et al. (2016) BJP K Matsumoto et al. reported that pharmacological inhibition of TRPV4 prevents LPS-induced endothelial dysfunction and increase in mesenteric artery permeability in mouse mesenteric arteries. Endothelial damage increases colonic vascular permeability, contributing to the pathogenesis of experimental colitis in rats and mice (Tolstanova et al., 2012) . In this study, we found that the TRPV4 channel was up-regulated in mouse endothelial cells during inflammatory conditions and a TRPV4 agonist increased vascular permeability in the colon of mice with DSS-induced colitis, which was abolished by i.v. injection of a TRPV4 antagonist. In contrast, we did not observe endothelial TRPV4 immunoreactivity under physiological conditions, and the TRPV4 agonist did not affect vascular permeability in normal mice. These results suggest that the level of expression of TRPV4 channels is linked to the increase in vascular permeability following its activation. The TRPV4 channel can be activated by arachidonic acid and its subsequent metabolite 5,6-epoxyeicosatrienoic acid (Watanabe et al., 2003; Vriens et al., 2005) . Also 5,6-epoxyeicosatrienoic acid has been demonstrated to increase vascular permeability through a mechanism involving endothelial the TRPV4 channel (Ivey et al., 1998) . Therefore, we speculated that endothelial TRPV4 is activated by these intrinsic ligands under inflammatory conditions. In this study, we also observed TRPV4-positive macrophages in mice with DSS-induced colitis. Cytokines produced by inflammatory cells are widely known to increase vascular endothelial permeability (Sprague and Khalil, 2009) . Further studies are needed to identify the relationship between TRPV4 channels in inflammatory and endothelial cells and their effect on vascular permeability under inflammatory conditions. VE-cadherin is the predominant component of endothelial adherence junctions that regulates intercellular gap formation. TNF-α treatment was previously shown to reduce VE-cadherin expression in human brain microvascular endothelial cells (Rochfort et al., 2016) . Ca 2+ signalling is critical for the disruption of VE-cadherin junctions; therefore, it is also important in the mechanism of increased endothelial permeability (Tiruppathi et al., 2002) . We found that TRPV4 activation by GSK1016790A treatment decreased VEcadherin expression in mice with DSS-induced intestinal inflammation. Furthermore, TRPV4 activation by GSK106790A decreased VE-cadherin expression in MAEC exposed to TNF-α. These results suggest that TRPV4 activation leads to a decrease in VE-cadherin expression under inflammatory conditions. As previously reported, JNK signalling modulates VEcadherin expression and vascular endothelial permeability (Wu et al., 2008; Lopez-Ramirez et al., 2012) . Lastly, we investigated the mechanism behind the decrease in VE-cadherin following TRPV4 activation under inflammatory conditions using MAEC. The results showed that TNF-α/GSK1016790A, but not TNF-α or GSK1016790A alone, induced JNK phosphorylation. Thus, it is unlikely that GSK1016790A alone can trigger the activation of the JNK signalling pathway. An up-regulation of TRPV4 in response to TNF-α may be required for the initiation of GSK1016790A-induced JNK activation.
In conclusion, the up-regulation of endothelial TRPV4 channels in colitis models suggests that these channels play a significant role in intestinal inflammation. TRPV4 activation decreased the major endothelial adhesion molecule VE-cadherin in the mouse colon and MAEC. Our results suggest that TRPV4 antagonists, by affecting vascular permeability, may be beneficial for the treatment of chronic intestinal inflammation. Thus, the endothelial TRPV4 channel is an attractive target for the treatment of colitis. Endothelial TRPV4 regulates colon inflammation BJP
